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Lithium doped P on N type solar cells of various designs have been 

fabricated and submitted to NASAIGSFC for radiation testing and analysis. 

Methods were developed for fabricating lithium doped solar cells. 

lithium diffusion process was studied and controlled so that the lithium 

The 

concentration and profile could be varied. 

open circuit voltage could be increased with increasing lithium concentration 

It was discovered that the 

up to a voltage of about 585 mV. Further increases in lithium concentration 

caused a slignificant decrease in minority carrier lifetime and, consequently, 

lirnited further increases in open circuit voltage. 

indicated that there would be an optimum lithium atom concentration for a 

specific radiation flux level. 

annealing properties, while a high lithium concentration provides good 

annealing properties but it also decreases the minority carrier diffusion 

length so that good electrical output cannot be maintained. A special 

designed phosphorous diffused lithium doped P on N solar cell has been 

developed and is described. This type cell has shown unusually good per- 

formance at very high flux levels, such as 1015 e/cm2, while the standard 

lithium-doiped cell is nearly unusable at these high levels due to carrier 

removal phenumenon. 

Radiation studies also 

Too little lithium does not give sufficient 

An analysis of the power output from lithium cells was made. A 

correlation of radiation damage recovery to the initial power output 

showed that the higher output cells showed poorer recovery because there 

were less lithium atms present. A comparison to standard 10 ohm cm N 

on P solar cells indicated that slightly improved performance has been 

obtained with lithium doped cells after a 1 MeV electron flux of 1014 e/cm . 2 
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INTRODUCTION 

Studies have been going on for many years in the field of high 

energy particle radiation effects on semiconductor materials. 

deal of this work has been applied to investigating radiation effects on 

solar cell performancer 

the damage mechanism and the resulting electrical changes in the crystal. 

::ith a better understanding of these mechanisms it should be possible to 

improve the radiation resistance of solar cells, 

A great 

The objectives have been to better understand 

A great deal of the studies have been directed taward the damage 

centers formed when high energy particles bombard a semiconductor crystal 

such as silicon. More recently the studies have been directed toward 

evaluations of the influence of various impurities in the crystal and 

the resulting damage center. Electron paramagnetic resonance (?:I?!:) 

studies have been made on silicon crystals with various impurities, 

;7resent and comparison made after bombardment with high energy particles 

These studies in 1963 and 1964 led to some very interesting characteristics 

that resulted when lithium atoms were present in the silicon crystal. 

This work gave new and promising results that warranted further investi- 

gations into the effects of lithium on the material characteristics. 

L 

. 

Studies were continued by investigating the influence of lithium 
2 on solar cell performance . 

the radiation damage behavior of silicon devices and that the oxygen 

This work concluded that lithium can modify 

concentration is important in whether or not these changes can be observed. 

The above work concluded, however, that the resistance of float zone P on 

N solar cells was _nay improved by room temperature annealing despite some 

1 1 
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promising experimental results , 

removed about 90% of the radiation damage in cells that contained lithium, 

while no such annealing occurred in the cell which did not contain lithium. 

Continued work on lithium-doped solar cells brought further under- 

standing of the mechanisms involved and improvements in radiation resistance 

were seen . 

LOW temperature (near 100~~) annealing 

3 

In this study it was discovered that room temperature annealing of 

radiation damage was obtained in lithium-doped float zone P on N solar 

cells if the phosphorous and oxygen concentrations were kept low. The 

conclusion of this work was that '*solar cells made from N-type silicon, 

in which the predominant dopant was lithium, have a much greater radiation 

resistance to electrons and protons than ordinary cmercial cells." 

The work being done in the present concentrated effort is an 

attempt to provide various lithium cell designs which will give more 

information about the possibilities for carrying the previous work forward, 

The objective is to investigate a large number of solar cell designs with 

lithium present. 

experimental solar cells which are to be evaluated and analyzed by P l S L  

for their radiation resistance properties, 

Various starting materials are being used to make up 

Since the previous studies showed a significant dependence on oxygen 

content, this program is concentrating on float zone grown silicon crystals; 

however, some Czochralski-grown material was evaluated for comparative 

purposes. 

The lithium concentration and profile was varied by changing the lithium 

diffusion parameters. 

the period that showed the effect of changing the various parameters men- 

tioned above, 

bardment and analysis. 

VarZous resistivities and dopant impurities were investigated. 

Experimental solar cells were fabricated throughout 

These cells were supplied to NASA/GSFC for radiation bom- 

J 
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It lzas become apparent that the optimum lithium doped so lar  cell 

design requires a trade-off study as is so often the case in solar cell 

designs. 

damage annealing is obtained; however, initial short-circuit current 

If the lithium concentration is very low, poor radiation 

values are very good. As the lithium concentration is increased, there 

is corresponding improvement in the room temperature annealing character- 

istics, but the initial short-circuit current suffers due to the 

decreased minority carrier diffusion length associated with the higher 

lithium concentration, Therefare, extremely high or low lithium concen- 

trations are undesirable, The optimum design is being determined by 

empirical studies and appears to be dependent upon the particular 

radiation flux level anticipated. 

a 1 Mev electron flux of 1014 e/cm would not be the optimum design f o r  a 

flux of 10 

dependence on lithium concentration discussed above. 

the lithium Concentration does not: need t o  be high in order to adequately 

anneal out the limited defect centers produced and a high short-circuit 

current (and consequently a high power output) will be obtained, 

the high flux level a high lithium concentration is required to compensate 

for the high number of defect centers formed and, consequently, a lower 

short-circuit current (and power) will be obtained. 

however, the objective is to optimize the lithium cell design so that it 

will provide improved radiation resistance over the conventional N on P 

type solar cell. 

That is, the optimum cell design for 

2 

16 2 e/cm . The reason for this is the short-circuit current 
For the lower flu:: 

For 

In either case, 
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DISCUSSXON 

C e l l  Description 

The type of cell used fo r  the study of the e f fec t  of lithium doping 

on the radiat ion resis tance of so lar  cells was  a P /N (1 I; 2) em cell, 

with silver- titanium contacts. 

region about 0.3 micron deep, 

16 m i l s  thick, was doped t o  the appropriate r e s i s t i v i t y  with phosphorous 

o r  arsenic, depending on the nature of the experiment being performed. 

The N-type base region was a l so  doped t o  various degrees with li thium 

The P region was a shallow boron-diffused 

The N-type base region, approximately 

by means of a controlled diffusion process. 

Silver- titanium contacts, which were applied by an evaporation 

technique, consisted of three grid l ines  connected t o  an "isolated" corner 

dart-type col lec tor  on the front: P-side of the cell, and a "picture frame" 

(a lso  isolated)  large area contact on the back N-side of the cell  (see 

f igure 1). 

The i so la t ion  of the  contacts from the junction on both sides of 

the c e l l  minimizes the formation of metallic shunts across the junction, 

and resu l t s  i n  a more reliable and improved device, 

solderless  contact cells of t h i s  type have been made. 

exhibited contacts with comparable qualLty and strength t o  N /P cells 

with silver- titanium contacts. 

Both soldered and 

These cells have 

A flow chart which describes the process €or the lithium-diffused 

P /N so la r  cells is shown i n  f igure 2, 

4 





Si Blanks 

Evaporate Anti- 
reflective Coating 

Clean and Evaporate 
Ag-Ti csntacts 

I 

Flow Chart of Lithium Doped P+/N Process 

Figure 2. 
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N-type silicon ingots of a particular resistivity, impurity type, 

lifetime,oxygen content, and growing process were used as the raw materdal 

input. Typically, N-type ingots for solar cells have been grown by the 

Czochralski (crucible grown) technique, For the lithium-diffused solar 

cell- both float zone low oxygen content material and Czochralski material 

have been used, 

conventional sLlicon cutting techniques. A shallow 0.3 micron deep P-N 

The ingots were slabbed and sliced into cells blanks, using 

junction was formed by the high-temperature diffusion of boron into the 

N-type silicon blank. A BC1 source was used. The BCl source was in the 

liquid form under pressure and was vaporized at room temperature and atmos- 

pheric pressures. 

heated to the diffusion temperature in a multizoned furnace, by means of 

a slow constant flow of high purity nitrogen carrier gas. The entire 

diffusion operation took place within a quartz tube located within the 

multizoned furnace. After diffusion, the cell blanks were boiled in 

nitric acid. The acid attacked the boron source layer 

during diffusion on the surface of the cell blanks 

adhering residue. 

cell blanks, leaving a blue-black surface characteristic of this type 

boron diffusion. Surface concentrations were calculated from sheet 

4 resistivity and junction depth measurements> using the Backenstoss 

technique and Irvin* s curves5. 

3 3 

The vapor was carried to the silicon blanks, which were 

that was deposited 

and formed a loosely 

The residue was then brushed off the surfaces of the 

After vimal inspection the more perfect surface was masked with 

acid-resistant tape, and the less perfect surface was etched in a nitric- 

hydrofluoric acid mixture, This exposed the N-base material. The tape 

was then removed and the slices cleaned to insure complete removal of 

the rape residue. 

1 7 



The cells were then prepared fo r  lithium diffusion, The l j . ~ ~ ~ ~ ~ ~ ~  was 

applied to the surface of the  N side of the c e l l  blank i n  one of two 

ways: 

painted on with a brush i n  such a way t h a t  the li thium par t i c l e s  were 

distr ibuted unifonnly over the e n t i r e  N surface, or, as an a l t e rna te  

procedure, l i thium p e l l e t s  were evaporated i n  a vacuum environment and a 

th in  layer  of l i thium deposited onto the N surface, 

e i t h e r  a suspension of f ine  li thium particles i n  mineral o i l  was  

After the lithium had been applied t o  the surface of the cells, the 

lithium was then diffused a prescribed length of t i m e  a t  a preset  

temperature. 

the diffusion experiment discussion. 

quartz tube located within a constant temperature region of a single-  

zoned furnace, 

maintained throughout the  diffusion process t o  remove vapors, insure a 

controlled environment, and prevent rapid depletion of the li thium source 

by ~ ~ i d ~ t i ~ ~ ,  Wmedflately a f t e r  the diffusion, the excess unreacted 

l i t h i m  w a s  removed from the surfaces of the cells 

D'd water which violently reacted with the lithium. 

The various the- temperature values used are described i n  

The diffusion took place within a 

A S ~ Q W  constant flaw of high pur i ty  nitrogen gas was 

by imeraing them i n  

e the excess ~ i t h ~ ~  had been removed from the  surfaces of the 

c e l l s ,  the P (boron-diffused) s%de of the cell  was again masked with 

acid- resfstant tape and the  N surface re-etched Ln a nitric-hydrofluoric 

acfd mixture. This removed excess li thium from the surface, thus making 

i t  possible t o  make good e l e c t r i c a l  contact t o  t h i s  material,  

a resul t  of t h i s  etch, the P-N junction in ter face  was cleaned so tha t  

the likelihood of low c e l l  shunt 

tape was removed, and the  slices were again cleaned t o  insure c 

Also, as 

resis tance had been eliminated. The 

8 



removal of t he  tape residue. 

acid and placed i n  a mechanical mask so that the silver- titanium metal 

contacts could be se lec t ively  deposited onto the N and P type material 

surfaces i n  the desired contact configuration. 

The s l i c e s  were then cleaned i n  hydrofluoric 

The c e l l s  were then cleaned, and a s i l i con  mnaxide coating having 
0 0 

an optical  thickness of about 1400 A (a physical thickness of about 700 A, 

assuming an index of ref rac t ion of 2) was deposited onto the ac t ive  surface 

(the boron-doped layer) t o  provide increased l i gh t  col lect ion through 

minimization of the surface reflection. Subsequently, the c e l l s  were 

e lec t r i ca l ly  tested and categorized according t o  conversion efficiency, 

This procedure was used for  malcing a l l  the standard Ag-Ti contact lithium- 

diffused P/N-type solar  cells during t h i s  reporting period. 

phosphorous-diffused c e l l  designs w i l l  be described i n  a separate section, 

Special 
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MAtSFxl Studies 

All the e;;rpariments and the lithium diffused solar cells made in rhir, 

program were made using single crystal silicon tngors as the starting 

material. In order to better understand the influence of the starting 

material on the resulting solar cell characteristics, several matertal 

parameters were varied. One of these variables was a camparison of the 

crystal growing process, Both float zone and Czochralski grown ingots 

were used. Also, the effect of various bulk resistivities was looked a t *  

The dopant used in the float zone material was phosphorus and this was 

kept conatant for all the float zone material. 

was doped to the proper resistivities with arsenic. 

The Czochralski material 

Various silicon 

supplier's material was used, in order to be able to see if the crystal 

growing facility had any significant effect on the material properties. 

Previous studies had indicated that lithium solar cells made with 

float zone silicon would exhibit radiation damage annealing at man 

temperature while lithium solar cells made from Czochralski grmm silicon 

would not. 
3) 

Czochralski grown silicon was used in this study to confirrn 

these results and to possibly show a way in which Czochralski grwn 

material could be used. For ecanomic reasons, it would be desirable 

to use Czochralski (crucible grown) material in preference to the float 

zone material, 

Czochralski grown silicon ingots with starting resistivities in 

the range of .2-1.2 ohm cm with arsenic dopant and undoped virgin siliccn 

ingots =200 o h  cm were investigated. 

starting resistivities of 15-25, 80-120, and >lo00 ohm cm, all with 

phosphorus dopant were also used. 

used to evaluate the importance of resistivity as a variable in lithium 

Float zone silicon ingots wit3 

These different resistivities were 

cell fabrication. 
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Previous work on lithirmr doped solar cells indicated that the 

important factor for achieving roan temperature radiation damage annealing 

was the oxygen content in the silicon crystal. 

semiconductor field that Czochralski (crucible grown) silicon crystals 

It is well known in the 

dissolve a great deal of SiOz from the crucible during the crystal 

grrrwth process. 

process used, however, it is comonly at the 10l8 atams/cc level. 

wrnematerial, on the other hand, does not have molten silicon in contact 

with a Si02 container during the crystal growth process. Therefore the 

oxygen content levels for this type material is typically about 10 

atgms/cc. 

silicon material being studied, samples were sent out to be analyzed by 

the fast neutron activation analysis technique, 

The oxygen content level is  dependent on the particular 

Float 

15 

In order to try to evaluate the amygen content in some of the 

Samples of both Czochralski grown and float zone silicon were 

analyzed. 

for 10 seconds in a 14 MeV neutron flux of approximately 10 neutrons/cm - 
second, and counted for N16 induced activity on a single channel pulse- 

height analyzer, using a pair of 5" x 5'' NaI (TI ) scintillation crystals, 

Each sample was irradiated along with an oxygen standard 
8 2 

The oxygen concentration was determined by comparing the intensity of the 

6,13 MeV gamut ray photopeak of N16 fraa the sample with that from the 

oxygen standard. 

via the 0l6 (n,p) d6 reaction,) The results of these analyses, given 

in Table 2-1, indicate that this type of analysis was inadequate since 

all the measurements were 

zone silicon should have an oxygen content of approximately 1015 atoms/cc, 

Furthemore, duplicate samples (#S and 6)  did not yield duplicate results, 

so it is questionable whether the Czochralski grown silicon with an oxygen 

content of approximately 10'' atcm/cc was analyzed accurately. 

(Oxygen forms N16 by interaction with 14 MeV neutrons 

on the order of lo1* atoms/cc and float 

1 11 



Table 1 Results of Oxygen Content Analysis 

S t a r t ing  Weight 
Crystal Growth Resis t iv i ty  of Sample 

Sample No. Method ( o b  -1 (s) oxygen (ataas/cc) 

1 Float zone 15-25 4.11 “2.92 x lo1$ 
2 C m h r a l s k i  grown 200 3 050 5.88 1.99 x 1 O I 8  

3 Float zone 15-25 2.88 5.54 2.25 2; 1 O l 8  

4 Float zone 80-120 4.76 6.40 f 1.38 x 10l8 

5 Float zone 16-24 3.53 .-.36 x lo1$ 
6 18 

Float zone 16-24 3.70 5.04 1.76 x 10 

No other oxygen content analysis techniques were readily available 

that  p r d s e d  better accuracy a t  t h e  d5 atms/cc level, so no further  

work was done t h i s  period. A technique tha t  has been considered which 

might give better results and may be considered in the future, is the 

thermal annealing technique. In t h i s  technique the oxygen i s  changed 

from a donor s t a t e  t o  an e l ec t r i c a l l y  inact ive state by thermal processess 

The change i n  r e s i s t i v i t y  would then be a d i rec t  indication of the oxygen 

content . 
Work has been i n i t i a t ed  t o  determine the dislocat ion density i n  the 

materials being used. 

e l ec t r i c a l  consequences i n  solar  cells, sime they produce scat ter ing of 

carr iers ,  ac t  a s  recombination sites, and can generate excess carriers. 

Therefore, c e l l s  made frrm f l o a t  zone s i l icon,  which typical ly has a very 

high dislocat ion density, might be expected to  be affected s ignif icant ly  

Dislocations, being imperfections, may produce 

12 



by the number of dislocations in the silicon, 

techniques were used to produce etch pits in the silicon slice, that 

corresponded with the dislocation, and these pits were then counted to 

Preferential etching 

determine the density. The cell slices were first polish-etched in 

HF-HN03 acid mixture and then were put in HF'-€XN03HAC acid mixture to 

bring out the etch pits, 

the material. 

at a magnification of 500 X, 

1 ohm cm slice of Czochralski grown silicon, This region was equivalent 

to a dislocation density of about 2000 pits/&, 

only certain regions of the slice, 

for this material is illustrated by Figure 4 which is equivalent to 

about 16000 pits/cm2. 

float zone silicon are shown in Figures 5 and 6, respectively, 

have much higher dislocation counts than the Czochralski grown silicon. 

There are about 120,000 pits/crn2 in the sample represented by Figure 5, 

and about 420,000 pits/cm2 in Figure 6, 

Figures 3 through 6 are pictures of some of 
2 The area shown in each picture is approximately 4.3 x loo4 cm 

Figure 3 shows the etch pit pattern on a 

This count was found in 

The m r e  typical etch pit pattern 

Typical etch pit patterns for 20 and 100 ohm cm 

They 

13 



Dislocations in 1 ohm cm Czochralski grown silicon 
This represents some regions of the slice 

Fig. 3 

14 
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Typical number o f  dislocations i n  1 ohm cm Czochralski grown s i l i con  

Fig. 4 



I 1 .ar  c m  

Dislocations i n  20 ohm ern f l o a t  zone s i l i con  

Fig. 5 

16 



Dislocations i n  100 ohm cm f l o a t  zone s i l i con  

Fig. 6 
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Diffusion Studies 

A diffusion furnace was set up and a method fo r  applying the lithium 

source determined. 

an P-type blanks a t  42S°C, P-type blanks were used so that junction depths 

and concentration p rof i l es  of the li thium could be evaluated, 

diffusion was f i r s t  used, and, by lapping through the lithium-diffused N 

region t o  the P region, it was d e t e n u b d  that the lithium had diffused 

through approximately 8 mils of s i l icon,  

lithium diffused through 18 m i l s  of s i l icon,  

it diffused throughout the blank and converted i t  to N-type material. 

Incremental lapping of these lithium-diffused P-type blanks was combined 

with sheet- resistance measur-nts t o  give an analysis of the li thium 

dis t r ibut ion by the method used by Iles and Leibenhaut , This method was 

used for  evaluating the li thium concentration p ro f i l e  i n  blanks diffused 

fo r  30 and 90 minutes a t  42S°C, 

I n i t i a l l y ,  diffusions were made i n to  nominal 1 0 - o b  

A 15iminute 

In a 30-minute diffusion the 

I n  a 90-minute diffusion 

6 

The conductance, I / V ,  was plot ted against the depth in to  the lithium- 

diffused region, see figure 7. 

calculated fo r  each ,001-inch incretuent and plotted against the depth 

i n to  s i l i con  a s  d(I/V)/br vs. x, see figure 8 ,  A t  every ,001-inch the 

d(I/V)/dx value was used t o  calculate ip , see figure 8, according t o  

the following equation: 

From t h i s  p lo t  the change i n  I / V  was 

dtI/V) El Aq Nk 

where 

dx 

d(I/v)/dx I. 

A =  

4 =  

N =  

change i n  I / V  mer interval  x ;  

conversion fac tor  from Smita for  
converting V I 1  readings t o  sheet 
res is t ance ; 

electronic charge; 

7 

average values of c a r r i e r  concentration 
and mobility i n  the layer dx. 
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8 Using mobility values frum Morin and Maita , the lithium concentration, 
I?, was then calculated, see figure 9. 

The surface concentration fram both diffusions was approximately 

3 x 1017 atams/ce. The concentration values obtained from the P-type 

blank which was diffused 30 minutes were actually slightly higher than 

thoae obtained fram the blank which was diffused 90 minutes, This could 

be due to more outgassing in the longer diffusion or could be just 

variations in measurements since, for the same diffusion, measurements 

will vary this much fran cell to cell. The presence of a junction of 

known depth in the 3Oeinute diffused blank made it possible to extrapolate 

the curve to the concentration of the background material. This was not 

possible in the case of the concentration curve for the 90-minute diffusion 

because there was no junction. 

lO-oh cm P-type blank was canpletely avercapensated indicating that the 

lithium concentration was much higher than LO1’ atomslcc at the back of 

l;he diffused blank. There was a similar concentration gradient after both 

the 30-minute and the 90-minute diffusions near the surface; however, the 

longer diffusion time did result in a higher concentration at the back of 

the slice. 

The absence of a junction shows that the 

A flatter distribution of lithium was expected to be more desirable 

because a higher concentration of lithium in the juncrion region should 

increase the open circuit voltage. 

was included in the lithhm diffusion process, 

excess lithium fran the cells after diffusion and then placing them back 

For this reason, a redistribution step 

This involved remwing the 

into the diffusion furnace fm a’period of tirue, In order to determine 
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what combination of diffusion and redistribution times would give the best 

distribution, two groups of P-type blanks- one diffused 30 minutes, the 

other diffused 90 minutes - were redistributed 30, 60, 90 and 120 minutes. 
lncremental lapping and V/I measurements were too time consrmifng for such 

a large experiment so, to facilitate this process, measurements were made 

at only two points. One was taken at the surface after slight lapping, 

and the second was taken at approximately the half-way point through the 

slice. This technique was limited because it did not show the coaplete 

shape of the concentration profile, but it did give a good indication of 

any changes fn average conductivity and, therefore, the average lithium 

concentration at a particular depth into the slice, see figure 10. The 

blanks which had been diffused 30 and 90 minutes and redistributed 30 

minutes, when compared with blanks with no redistribution, showed a 

slight increase in the lithium concentration half-way through the slices, 

but a substantial gradient was still present, 

redistrfbutions showed more  flattening of the concentration gradient, 

The 120arinute redistribution for both the 30 and 90 minutes showed the 

greatest degree of flattening, but the lithium concentration was typically 

lower indicating that outgassing occurred. 

redistribution time was shilar for both the 30 and the 90 minute diffusions, 

but the lithium concentration in the 30 minute diffused blanks was lower. 

The infomation obtained from this study indicated that a 90-minute diffusion 

with a 60 or 90 minute redistribution would give the best lithium redistri- 

bution without excessive Iithismn depletion due to outgassing, 

The 60 and 90 minute 

The effect: of any particular 
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Cells fabricated using a 903minute lithium diffusion with 

redistribution times of 60, 90 and 120 minutes were analysed with respect 

to open circuit voltage. Redistribution generally raised the open 

circuit voltage apprcrximately 10 mV, but there were no appreciable 

differences resulting from variations in the redistribution time. 

All the above work with diffusion and redistribution times was done 

at a constant temperature of 425OC. 

diffusion process was to investigate the effects of temperature. 

10-ohm cm P-type blanks were again used in the analytical work, 

The next step in the study of the 

Nominal 

!Wo 

diffusion processes, namely 9O-minute diffusion with 60-minute redistribution, 

and 3O-minute diffusion with 1204nute redistribution, were used at 350°, 

400°, and 50O0C, Incremental lapping and V / I  measurements were used to 

calculate the average conductivity (proportional to the average lithium 

concentration) versus the depth into the diffused silicon as shown in 

figure 11. 

calculation, 

known depth into the diffused slice; it was naerely used as a method of 

The average conductivity or concentration was a relative 

It did not indicate the precise lithium concentration at a 

evaluating relative differences in the lithium concentration. Average 

conductivity calculations indicated the concentration of lithium for 

diffusions made at 400°C was more than ten times higher than the lithium 

concentration for diffusions made at 35OoC. Blanks diffused at 500°C had 

lithium concentrations about five times higher than blanks diffused at 

400°C. Diffusions at 350°C drove lithium into the P-type silicon only 

a short distance and formed a junction at 4,6 mils depth for the 30- 

minute diffusion and 5,9 mils for the 90-minute diffusions, During 

redistrgbution the lithium continued to diffuse deeper into the P-type 

blank. The result was a deeper N region and reduced surface concentration 
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values which were only slightly higher than the initial boron concentration 

of atoms/cc. 

The lithium concentration in the blanks diffused at 4OO0C was 

considerably higher than the concentration in those diffused at 3SOoC, 

but the lithium behaved in a similar way. 

diffusion, junctions were again present and the redistribution process 

resulted in deeper juncttons and slightly reduced surface concentrations. 

Reduction of the surface concentration can be attributed to two things: 

1) 

removal, and/or 2) 

After the 30 and 90 minute 

the lithium diffusing deeper into the slice after the infinite source 

It appears that at 4OO0C the predominant outgassing. 

movement of the lithium was into the cell rather than outgassing, ThQs 

was s h m  by the deeper junctions and the higher lithium concentrations 

in the back half of the blanks, At 50O0C much more outgassing seemed 

to occur, particularly in the 30-minute diffusion with 120-minute re- 

distribution, After the redistribution the concentration in the first 

10 11121s of sili.con had decreased by a factor of apprmimately six. 

occurence of increased outgassing was further substantiated by the electrical 

The 

characterfstics of fabricated cells which had been diffused and redistributed 

at 500°C, 

also occurred in the blanks which were diffused 90 minutes and redistributed 

60 mdnutes at SOO'C. 

the concentrations obtained in dtffusions done at 4OO0C. 

This will be further discussed in the next section. Outgassing 

Even so, the lithium concentration was higher than 

For many of the above diffusion experiments N-type silicon blanks 

of various resistivities and growth method were included in the diffusion 

runs. These blanks were used to make up lithium-doped P on N solar cells 

for subsequent electrical performance analysis, Resistfvity measurements 
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were made on all the slices which were ultimately made into lithium 

P/N cells. Using these measurements, the average conductivity of the 

cells was calculated for various diffusion and redistribution times at 

350°, 400°, 425O, and 50OoC. A sunnaary of this data is presented in 

figure 12, These measurements showed essentially the same concentration 

trends as those illustrated in figure 11: an increase in the lithium con- 

centration was obtained with higher temperatures and longer diffusion 

times, and a decrease in the concentration was obtained when a redistri- 

bution time was added to diffusions. 

These investigations of the effect of temperature and time upon the 

diffusion process revealed, as one would expect, that temperature was a 

far more important variable than time, Any significant changes in the 

characteristics of lithium-diffused solar cells will depend primarily 

upon the diffusion temperature unless the diffusion time is varied 

considerably. 

Electrical Characteristics 

The primary method of evaluating the electrical characteristics of 

the solar cells fabricated was the measurement of I-V curves in an air- 

mass-zero solar simulator set to light level of 140 @/a2. The open. 

circuit voltage normally would be er,pected to be a direct indication of 

the amount of lithium in the junction region, Consequently, this was 

one of the first Characteristics considered in the investigation of the 

effects of lithium on the finished cell. The open circuit voltage for 

cells made fran 20-0lnn cm float zone material diffused at 42S°C for 30 

minutes was typically between 565-570 mV which was 10-15 mV higher than 
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similarly processed cells with no lithium, 

the lithium was reaching the P/N junction, decreasing the resistivity in 

This definitely indicated that 

this region, and causing the open circuit voltage to increase, 

diffusion at the same temperature increased the open circuit voltage to 

A 90-minute 

570 mV, showing that more lithium was reaching the junction region. A 

redistribution time added to the 425OC diffusions resulted in the average 

open circuit voltage jincreasing to 581 mV, 

As the redistribution time was increased from 60 to 90 or 120 minutes, 

the open circuit voltage showed no significant increase, 

sion in which the entire diffusion and redistribution process was 

performed twice on the same cells showed through resistivity measurements 

that a higher concentration of lithium was present, but there was no 

corresponding increase in the open circuit voltage. This effect of 

saturating at some open circuit voltage irrespective of the lithium 

concentration suggested that there was a trade-off mechanism present. 

The tncreased lithium concentration caused a decrease in minority 

carrier diffusion length (as short-circuit current values indicated), 

which fs important in deternrining open circuit voltage, 

of both the lithium atam concentration (doner atans Nn) and lifetime T 

on open circuit voltage Voc ,  can be seen in the equations below: 

A double diffu- 

The effect 
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where : 

q = charge on electron 

= hole mobility in n-type region 
P P  
bn = electron mobility in p-type region 

n = density of imized excess donor atoms in n-region n 
= density of ionized excess acceptor atoms in p-region 

pP 
= hole minority carrier lifetime in n-region 

T P  
q-, = electron minority carrier lifetime in p-region 

I 

Increasing the lithium atom cohcentration indefinitely will consequently 

not continue to increase the Voc, Another mechanism that may be involved 

here may be that the lithium near the junction reached a saturation point, 

When more lithium was pushed into the junction region by longer redistribu- 

tion rimes or higher temperature, it did not remain there but was swept 

away by the built-in electrostatic field at the junction, 

cells were fabricated at: 350°C that there was any further increase in the 

open circuit voltage. 

preserved the minority carrier diffusion length more than the high 

temperatures did. 

It was not until 

In these cases the lower temperature probably 

The result of the lithium concentration buildup in the bulk region was 

a decrease in the minority carrier lifetime and, consequently, a decrease 

in both the short circuit current and the open circuit voltage. 

diffusions at SOOOC were good examples of this problem. 

The 

Resistivity 
0 

measurements indicated that a 90-minute diffusion at 500 C gave a higher 

lithium concentration than any other process investigated, yet there was 

little or no improvement in the open circuit voltage, and the short circuit 
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current was much lower than usual, Vhen a redistribution was added 

to the 904nute diffusion, resistivity measurements showed a substantial 

drop in the concentration. 

circuit voltage, but the short-circuit current did increase. 

tndicate that the short-circuit current rather than the open circuit 

There was no corresponding drop in open 

This would 

voltage was the best characteristic for electrical evaluation of the con- 

centration and effects of lithime 

Figure 13 shows the short circuit current decrease that is experienced 

as the diffusion temperature and lithium concentration is increased. 

means that to produce a high efficiency solar cell it is undesirable to 

have the maxinazm lithium concentration. The converse is not the most 

desirable situation either as the radiation analyses will show. 

raideation recovery increases with the lithium concentration, it appears 

that a compranise between initial output and radiation recavery will have 

to be made, The mamimran power was found to be affected by the lithium 

concentration in the same manner as the short circuit, i,e., the cells 

wdth the highest power were those with the highest short circuit current. 

This 

Since 

In addition to looking at the effects of various diffusion parameters, 

the effects of various starting materials were imrestigated. A comparison 

of the maximum power of cells made f r m  20-ohm cm and lOO-ohm cm float 

zone silicon showed no significant differences between the two. 

case of the two types of Czochralski-grown silicon used, the starting 

resistivity did influence the mar;iwrm power stttput. 

made from nominal l-ohm cm and approorimately 200-0hm cm Czochralski- 

grown SiliCWe The maximum power of l-ohm cm cells in which lithium 

In the 

Lithium cells were 
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had been diffused at 425OC was typically 29-30 mW in 111 =. o siarulated 

sunlight, while the maxinunn power of those made under the same conditions 

using 2OO-ohmn cm starting material was approximately 22 IUW due to the 

lower Isc and Voce 

Lithium cells made frun .2-1.2 ohm cm Czochralski-grown arsenic 

doped silicon had the highest nraximrrm power and open circuit voltage of any 

of the lithium cells, The high voltage was typical of the voltages 

obtained with standard P/N cells without lithium present. It appears 

that lithium alone cannot dope the silicon to a high enough level to 

obtain these high voltages. The lithium limitation map be due to the 

built-in field present or the degradation in lifetime with high lithium 

concentrations. More probably, the arsenic can be used to dope to the 

levels needed to obtain a high Voc without damaging the lifetime, whereas 

the lithium cannot. 

In order to better understand and analyze the lithium-doped P on N 

solar cell, a test of the cell electrical performance in simulated sun- 

light at various temperatures was made. The IV characteristic curves for 

a wide range of temperatures is  shown in figure 14, An evaluation of the 

short-circuit current and open-circuit voltage temperature coefficients 

was made. 

temperature range which is not typical for standard N/P cellbi. 

The coefficient for both was constant ever the complete 

(N on P 

cells typically deviate fran a linear relationship below -4O'C.) 

short-circuit current increased at a rate of 49 FA/ C with increasing 

temperature, while the open-circuit voltage decreased 2 .OO mV/OC with 

increasing temperature, These coefficients are the same as those 

obtained with P on N cells with no lithium present. The IV curves were 

normal at all temperatures and no distortions or anomalous behavior was 

observed. 

The 
0 
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In fabricating the majo&y of the kithim eelas, the lithgm was 

painted on in the form of a lithium-raineral oil suspension. Application 

of  the lithium by evaporation of metallic lithium was also experimented 

with and used in the fabrication process for same of the cells. 

general, there did not seem to be much difference in the short-circuit 

current or open-circuit voltages; however, the evaporated lithium cells 

usually had higher series resistance. 

In 

Sintering experiments done on the lithiumwdoped PIN solar cells have 

shown that the performance of the unsintered and sintered cells is es- 

sentially the same, 

N/P cell which must be sintered to obtagn a good ohmic contact, sintering 

is unnecessary for good ohmic contact on the lithium-doped P/N cell, 

Contact pull tests have shown equivalent: contact strengths,and series 

resistance measurements also are similar, 

is further substantiated by figure 14 which shows an unsintered PJN 

lithium-doped cell curve that exhibits a good ohmic contact even at low 

temperatures. 

cuwe near open-circuit voltage at very low temperatures. 

This indicates that in contrast to the case of the 

The superfluity of sintering 

Poor ohmic contacts would be expected to distort the IV 

Radiation Effects 

Although the prfmary purpose of the contract was to provide experimental 

lithium doped solar cells to W A  for radiation testing and analysis, it is 

desirable to include some discussion of the radiation effects on these 

cells and to provide same empirical data on the significance of the various 

cell designs, The introduction of lithium into P on N solar cells made 

frum low oxygen content silicon has caused a radiation damage recovery 

process to exist. The lithium combines with radiation induced defect 

1 
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centers at room temperature, thus making the defect center inactive. 

Studies on lithium doped P/N cells described in the preceding sections 

show that the higher the lithium concentration, the faster and more 

complete is recovery after irradiation. The investigation has also 

revealed, however, that fabrication of high efficiency P/N lithium 

diffused solar cells involves much more than getting the highest possible 

concentration of lithium into the solar cell. 

Irradiation of lithium doped P/N solar cells by 1 Mev electrons to an 

integrated flux of 1 x 1014 e/cm2 caused both the lsc and the Voc to degrade 

in a manner and degree similar to a s'tandard P on N cell with no lithium 

present. TAen these cells were kept at room temperature for s m e  length 

of time (sometimes hours or days) subsequent measurements of the electrical 

output showed that annealing of the radiation damage was occurring. 

though cells with a very high lithium concentration had camplete Is, 

recovery, the recovery of the V was never complete, 

Al- 

oc 
The first two groups of cells sent to NASA/GSFC were part of the diffusion 

and resistivity studies. 

in the Appendix, 

in Figure 15. 

The experiments and cells are described in detail 

The radiation recovery of cells in each group are summarized 

Cells were fabricated frcxn both float zone and Czochralski grown silicon, 

Thus far no way has been found for making a lithium diffused P/N cell 

made from Czochralski grown silicon which has room temperature radiation 

damage recovery after irradiation. 

float zone silicon show a room temperature recovery. 

Only lithium diffused cells made from 
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A l l  cells were irra9diaced with 1 EZev electrons t~ an integrated EZuz of 

14 2 2 ,: 10 e/cm by NASA/GSFC and measurments oE the cell I - V  character is t ic  

curves were made periodically over a period of about. one week. ::bahin this 

s h e  period che annealing process was essent ia l ly  completed and the  roan 

bemperature recovery was assumed t o  have reached its maximum. The %!SA 

measurements were made in a tungsten ltght source that was set t o  an 

intensity equivalent: ko 100 mL/cm of sunlight. The corre la t ion  of the 2 

initial ms,:imum ‘pEGwer output in  the NASA source t o  the Iie19otek sunlight 

simulator set up t o  ;tn equiwlenc intensi ty of 140 m:../cnr2 of H =  0 sunlight ,  

i s  show aLiang the 3bcissa.  Xach lithium doped cell was p l o t t e d  shcriing the 

correlation of the tniefrsl pawer output to the power outpu. ‘‘x 

and complete ram temperature enneal. Although there was much s c a t t e r  in  the  

data due eo the wide range 01 diffusion process variables wed, it  becomes 

apparent that the inir€al.ly lower. output cells cane much closer t o  achieving 

camplete recovery than do the higher output: cel l s .  

to the di f fus im process sham that  the loner output cells always had higher 

l i t h i u m  concentration and the higher output ce l l a  ccPntxtinsd less lithium, !i 

similar analysis of these same cells at various flux levels hss nor been 

made, however, this would be very ira5mnative since a picture of the relett$ve 

usefulness of a l l  cell. type8 wauld then entersea 

: further correlation 

The Efmt: diffusion studies investigated the effect af time. n t  a const;.mc 

~~d~~~~~~ re;csvery ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ C $ a  The ~ e l l s  dif fumd 5 r n ~ ~ ~ ~ ~ ~  did not 

that not ~ n ~ u ~ ~  lfehium was p r w m e .  The ce?,bs ~~~~~~~~~ 

21,3124.2 m:r (EIIiS2 100 
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and redistributed 60 minutes started with maximum pawers ranging from 

21.8923.2 mW, A€ter irradiation they recovered tusaiurimm powers between 

21.0 and 21.9 W, This was samewhat higher than the power recovery of 

cells diffused 30 minutes and indicated that the presence of additional 

lithiumwas %kbm&whg the amount of recovery, The effect of lithium 

concentration on the rate and mount of recovery was seen to a small 

degree in the cells diffused for varying lengths of time, but it became 

more obvious when the diffusion temperature was varied, Those cells 

diffused at 500°C had a vefy high lithium concentration and recovered 

almost 100% after irradiation. Those cells diffused at 350% recovered 

appwimately 92% of their initial power at a much slower rate, 

be noted, however, that the initial power output was much higher for the 

cells diffused at 35OoC than for those diffused at SOO°C. 

characteristics indicate that the optimum lithium doped cell design will 

require a trade-off between the initial efficiency and the radiation 

recovery. 

annealhg is obtained, however, the initial Isc values are very good, 

the lithium concentration is increased there is a corresponding increase 

It should 

These recovery 

If the lithium concentration is very low reduced radiation damage 

ks 

in the room temperature annealing characteristics, but the initial efficiency. 

of the cell is damaged by the lower minority carrier lifetime resulting from 

a high lithium concentration, 

These radiation studies seem to indicate that there will not be just one 

kind of lithium doped solar cell which will best meet the requirement of 

radiation resistant high efficiency solar cells. A high lithium concentratian 

will optimize the radiation resistance for a very high flux environment at 

the expense of initial power, A low concentratfan will provide high initial 

efficiencies and be optimum for a low flux environment, but the radiation 



resistance is limited. A comparison of the 

10 ohm cm, N/P c e l l s  a l so  is made i n  Figure 

s t a r t  with an i n i t i a l  power of 28.3-29.5 mW 

lithium doped c e l l s  t o  typical 

15. The E3 on P c e l l s  typical ly 
(Eq. M =  0 140 mW/cm 2 ) which 

corresponds t o  24 t o  25 mW i n  the NASA 100 mW/cm2 source. After i r radia t ion 

t o  a flux of 1 x 1014 e/cm 

output of 22 mW. Several of the l i t h i u m  cells (which were diffused a t  35OoC) 

have a higher power output than 22 

they withstood the radiat ion better than the  N/P cells. 

of these cells was high enough that  even with the low lithium concentration 

and the lower percentage recovery the  cells were able to recover t o  a higher 

power output than the NIP cells a f t e r  the same flux. 

2 the 10 ohm cm N on P qe3.l~ would have a power 

a f t e r  the same flux indicating that  

The i n i t i a l  power 

Special Designed Lithium C e l l  

A special  designed l i th ium c e l l  was worked on that differed from the 

standard lithium cell i n  that a phosphorus region was diffused i n to  the 

region near the junction. 

Fn the cell design was t o  provide a s table  majority ca r r i e r  concentration 

near the junction. 

voltage as  the lithium atans were depleted during irradiat ion.  The phos- 

phorus would maintain the P-N junction character is t ics  while the lithium 

would be only required fo r  annealing out the radiat ion defects and pre- 

serving the minority ca r r i e r  diffusion length. 

The objective of incorporating the phosphorus 

This would be expected t o  maintain the open c i r c u i t  

The process used i n  making t h i s  type c e l l  is shown i n  Figure 16. The 

phosphorus was  first diffused i n to  the s i l i con  blaak. 

required that a very th in  phosphorus region of about 3 microns depth was t o  

be diffused i n to  the c e l l  surface. 

used, a thickness alteration s tep  was used. 

the phosphorus region to form the P-N junction and fram there on the process 

remained the same as use? for  the standard lithium cell. 

The desired design 

Depending cm the diffusion process 

Boron was then diffused i n to  
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Several phosphorus diffusion processes were evaluated. I n  one process a 

standard so la r  cell  phosphorus diffusion ( %  0.3 micron penetration) w a s  

made and then the  diffusion was extended f o r  24 hours a t  lO5S0C. 

the 24-hour phosphorus diffusion the junction depth was measured and 

determined t o  be 

a three-micron phosphorus region it was necessary t o  remove some of the 

s i l i c o n  a t  the surface. This resul ted i n  a reduced surface concentration 

as  w e l l  as reducing the phosphorus region t o  the desired thickness. This 

approach seemed desirable fo r  two reasons: 

concentration being present could create too many recombination centers  

and therefore decrease the  diffusion length i n  the  region where the 

junction was t o  be formed, and 2) 

centration the boron could more eas i ly  overcompensate and form a good 

P-N j unc t ion. 

After 

-10 microns, Since the cell  design goal was about 

1) too high a phosphorus 

with a lower phosphorus surface con- 

Several P-type blanks along with the  material t o  be used i n  making the 

special cells, were always included i n  each phosphorus diffusion. 

were used fo r  analyt ical  tests and were etched i n  increments t o  determine 

They 

the proper etching procedure and time needed t o  obtain a phosphorus region 

depth of approximately 3 microns, ThZs process proved to be very c r i t i c a l  

and d i f f i c u l t  t o  control because of the d i f f i cu l ty  in get t ing  reproducible 

etching from slice t o  slice, 

from 3 t o  8 microns. 

from 1017 t o  loL9 atoms/cc and the phosphorus region was  occasionally com- 

ple te ly  removed, thus destroying the cell. 

The resul t ing  phosphorus region depths ranged 

These variat ions resul ted i n  concentrations ranging 
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It was decided that the above problems could be minfmized by using a deeper 

diffusion. 

gradual making it easier to etch to a specific phosphorus concentration. 

the same time variations in the depth of the region would be less critical 

and slight errors in the amount of material removed would not cause large 

cell design changes, 

phosphorus was diffused into 1000 ohm cm float zone, 200 ohm cm and 10 ohmcm 

B type Czochralski grown slices to a depth of -20 microns. 

fusion some of the cells were etched in a solution sf HF-HN03-HAC acids. 

A deep diffusion made the phosphorus concentfatfon gradient more 

At 

For the special lithium cells made by this method 

After the dig- 

This acid solution etched the edges of the cells faster than the center, 

thus leaving a higher concentration of phosphorus in the center of the cell 

and little or none at the edges. 

etching since it produces a more uniform etch. 

well for the P type control blanks and the 200 o h  cm Czochralski grown 

slices. In the case of the 1000 ohm cm float zone slices some difficulty 

was experienced since the faces etched very slowly while the edges of the 

slices etched down more rapidly, 

result of the different crystal orientation. 

was cut in the ~ 1 0 W  plane and float zone material in the <11P plane, 

The 4 1 1 b  plane etched much slower than any other plane. The NaOH etch 

Hot NaOH was found to be superior for 

This worked particularly 

The variation in the etch rates was a 

The Czochralski grown material 

was therefore not suitable since much of the material to be investigated had 

< 111> orientat im, 

An alternate method investigated for removing the proper portion of the 

phosphorus diffused region was to lap about 12 microns off both sides of 

the cells, 

dount of material removed and at the same time maintain flatness. 

the lappitsg an acid etch was used to remove a small amount: of material to 

The purpose of lapping was to obtain better control of the 
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clean up the surface and r 

gave limited success s ince the acid did not always e tch  the lapped surface 

evenly. As a result the  etching t h e  had t o  be determined by the regions 

which etched f a s t e s t  and the etching was stopped before a l l  the phosphorus 

diffused region was r 

centration than desired (10 19-1020 atoms/cc) 

same areas of low concentration. 

ged s i l i con  region. This process 

ed i n  these areas. The resu l t  was a higher con- 

mer most of the cell, with 

On several cells the phosphorus region depth was reduced t o  approximately 

5 microns by lapping and no e tch  was used, The phosphonts concentration 

ranged from 1017-lQ20 QXI these lapped cells. 

Since the p h o s p h o ~ s  c ~ ~ e n t r a t f ~ n  and depth were s di f  f i c u l t  t o  control 

when lapping and/or etching methods were used, a t h i r d  approach was used. 

la the case no material was removed, and inseead the phosphorus diffusion 

was controlled such t h a t  a phosphorus region thickness of about 3-1/2 

microns was obtained. 

t ra t ion ,  but dld provide a r e p r ~ d u ~ i b l e  process and a consistant phosphorus 

region thickness. 

Thfs method resul ted %n higher phosphorus concen- 

Once the p r  er depth of phosphorus was obtained the 

cells were boron diffused, The boron diffuslon did overcompensate the 

phosphorus and f o m d  a good junction  contra^ t o  the  or ig inal  concern 

i n  t h i s  regard. 

60 minutes a t  425% and the cell 

Lithium was then diffused 90 ~ ~ n u t @ s  and redfstr%buted 

cessed in the no 1 manner from t h i s  

Whether the phos horus was diffused t o  exactly the proper depth or 

diffused deeper and then lapped and/or etched to  the proper depth did 

not seem to  af fec t  the shor t  c i r c u i t  current s ignif icantly.  But the open 

c i r c u i t  voltage of the lapped and etched c e l l s  was sometimes 10-40 mV lower 

than that of the  cells in which the phosphorus had been dfffused t o  exactly 

3-1/2 microns. The y ie ld  of good power output cells was a l so  much be t t e r  

fo r  those cells which d%dJnot have t o  be lapped and/or etched. 
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The p h o s p h ~ ~ ~ ~ ~  concentration was very c r i t i c a l  i n  d e t e ~ m i ~ i ~ g  e l e c t r i c a l  

charac ter is t ics  of these special  c e l l s ,  In  order t o  evaluate the  e f fec t  

of the presence of t h e  phosphorus region, three types of cells were made 

from the 1000 ohm cm f l o a t  zone s i l i con  f o r  comparison with the special  

designed phosphorus ce l l s .  

N type 1000 ohm c m  slices were boron diffused, then contacts were applied, 

Type 2 c e l l s  were made by diffusing phosphorus t o  a 3-112 micron depth 

Type 1 cells were made j u s t  as amy P/N cell, 

following t h i s  with a boron diffusion: then contacts were applted. Type 3 

c e l l s  were made like t h e  normal l i t h f m  c e l l ,  The M type slices were 

f i r s t  boron daiffused, then l i t h i m  diffused and contacts were applied* 

Comparison of Type 1. and 2 cells sh d tha t  the presence of the  pkosph~rus 

region i n  a PIE? c e l l  without lithium improved the Is, by 4,5 mA and the V,, 

by 30 mV. 

differed from the special design calls in t h a t  they did not have a phos- 

phorus region, yet  the V, of the two types  was  the same (559 mV). 

Is, of the special  design cells with both phosphorus and lithium present 

was approximately 5 ratA Iswar than those l ~ ~ ~ i ~  cells without the phos- 

phorus regiom, This indrcated tha t  between the lithium and phosphorus, 

the Concentration of N ty e donor was too high and was decreasing the 

diffusion length, the f,, and poasgbly the Voce 

why the Voe of the special  design c e l l  was  no be t t e r  than that: of the type 

3 c e l l  which had 

Type 3 c e l l s ,  PlN l i thium cells QS I000 ohm crn f loa t  zone sil$con, 

The 

This could be the reason 

I r radia t ion  of these specie1 design c e l l s  has shown some in teres t ing  

results. The specfal c e l l s  fabricated f r  1000 ohm cm f loa t  zone s i l i con  

and i r radia ted  t o  a flux of lo1’ elm2 recovered t o  less than 75% of t h e i r  
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i n i t i a l  power output, however, they did maintain t h e i r  curve shape. 

caaparhon, a standard lithium doped PIN c e l l  would lose i ts  sharp knee and 

the curve shape would be very poor under the same conditions. 

made from the same material which were i r radia ted  t o  a flux of 1014 elcm 

recovered to  959, of t h e i r  or ig inal  power output. 

ohm c m  Czochralski grown s i l icon,  when i r radia ted  t o  a flux of l0 l4  e/cc 

showed negligible recovery of the 'Isc, as would be expected for Czochralski 

grown material, but the V,, d id show recovery which was comparable t o  tha t  

of cells made from f l o a t  zone silicon, 

I n  

Those cells 
2 

The cells made from 200 
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PROGRAM FOR NEXT REPORT INTERVAL 

Work will continue on analysis of the materials being used and various 

Lopex sZlicon will also be included in the diffusion diffusion parameters. 

studies, 

Xork will also continue on the special design lithium cell with phosphorus 

in the junction reglon. 

the phosphorus concentration in order t o  minimize lifetime damage, 

More extensive work will be done on various diffusion temperatures, 

T M s  wdll include investigating methods o f  lowering 

Fabrication of sample cells will continue! and these will be sent: to 

~ ~ ~ A ~ G ~ F C  for radiation analysis, 
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CONCLUS IONS 

The experience during t h i s  reporting period has shown tha t  high efficiency 

lithium doped P on N so la r  c e l l s  can be made, 

processes that are straightforward, control lable and reproducible, 

range of variables have been investigated and experimental so la r  cells 

representative of these variables have been fabricated and submitted t o  

NASAIGSFG fo r  radiat ion t e s t ing  and analysis.  

These cells can be made by 

A wide 

The radiat ion studies t o  date have shown several sfgnif icant  things, 

some of which are ver i f ica t ions  of previous knowledge while others braZng 

new knowledge. The comparison between Czoehralski (crucible grown) and 

f l o a t  zone (low oxygen) material has reconfirmed the need for using low 

oxygen content material i n  making lithium doped solar  cells in  order t o  see 

the roan temperature annealing ef fec t ,  A special, design lithium cell  (con- 

taining a phosphorus diffused region) made from Czochralski material has 

shown the unusual behavior of annealing so t h a t  the V,, improves (not the 

Iscs however) a f t e r  i rradfat ion.  C 

s t a r t i n g  material shows no preference i n  a l l  cases where the predominant 

donor atom in the finished cel l  5s the l%thfum, 

shown tha t  the ISc ean be c 

enough lithium has been placed in the crystal to c 

of defect centers  formed. 

which would indicate tha t  lithium atoms (donor atoms tha t  determllne the 

r e s i s t i v i t y  and consequently the Voc i n  t h i s  device) are being used up i n  

defect center reactions, thus resul t ing  fn a gradual increase i n  the base 

region r e s i s t i v i t y  and consequently a decrease i n  V 

arisons of the  r e s f s t i v i t y  of the 

Rardtatton studies have 

l e t e l y  recovered t o  i ts  or ig inal  value %f 

The Voc does not c 

Increasing the oc * 
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lithium concentration to high levels  has reduced t h e  i n i t i a l  short  circuit 

current output so tha t  the net: ef fec t  i s  a self limiting situation. 

is, as the radiat ion recovery roperties ere improved with increased 

lithium concentr t ions,  there is a decrease bn I,, associated with Ilt. 

This indicates tha t  a trade-off study must be made t o  optimize the two before 

the t rue  value of the lithium doped P on N cell can be determined, 

That 

2 For the f a i r l y  low flux level  of 1 x elcm tha t  has been evaluated 

thoroughly, the  en^^ to date indicate that there are several P on N 

a standard 10 ern N on P solar c e l l ,  

A l t ~ o ~ ~ h  the work on the speefal design c e l l  ~ ~ n ~ ~ ~ ~ ~ n ~  a ~ h ~ s ~ h ~ r ~ ~  

diffused region has BOB: been very c rehensive to date, it  has been shown 

tha t  a t  very high flux Bevels (about IQ15 elcm* or greater) t h i s  type c e l l  

;;reserves its I-V curve shape while the standard lfthiunn cell curve is 

baily degraded wen  t 

50 



BIBLIOGRAPHY 

1. NASA Contract Report, "Radiation Damage i n  Silicon," N. Almeleh, 
e t  a l ,  RCA Laboratories, Final  Report, 15 October 1963 t o  15 
October 1964, NAS5-3788, NASA Goddard Space Fl ight  Center, 

Wysocki, J.J., et a l ,  "The Effect of Lithium on Radiation Damage 
i n  Solar C e l l  Devices ," Proc . F i f t h  Photovoltaic Specia l i s t s  Con- 
ference, Vol. IT., 19 October 1965, 

2. 

3. NASA Contract Report, "Analysis of Radiation Damage in Si l icon 
Solar C e l l s  and Annealing o r  Compensation of Damage by Impurities," 
B. Golstein, e t  a l ,  RCA Laboratorfes, NAS5-9131, Final Report, 
7 January 1964 t o  21 A p r i l  1966, NAS Goddard Space Flight  Center. 

4, Backinstoss, G o ,  "Evaluation of the Surface Concentration of Dif- 
fused Layers Sn Silicon,'3 B e l l  System Technical Journal, Vole 37, 
p g 9 9 - m ,  M ~ Y  1958. 

5, Inrin,  J,, '' ffectiwe Conductivity of Diffused Layers," B e l l  
System Technical Journal, 1962. 

6, Iles, , and ( the la te)  B. Leibenhaut, "Solid S t a t e  Electronics," 
5 s  P 331-339, 1962, 

7. 

8, 

S m i t s ,  F.M,,"Bell System Technical Journal!: 37, p 13-20, 1958, 

Hori.n, F.J., and 3, . Maita, Physical Review, 97, p 1521-1525, 1955, 

51 



APPENDIX 



Description of Experiments Studied i n  F i r s t  Group of 

Solar Cells Sent t o  NASA/GSFC 

Diffusion Temsrature  = 425°C 

Diffusion Experiment 1 

Purpose: To study effects  of various diffusion times on 20 ohm em f l o a t  
zone material .  

5 minute di f fusion 41,42 

30 minute di f fusion 30, 106 
1. F. Z .  20 ohm cm 

2. F. Z. 20 ohm cm 

3. F. Z .  20 ohm c m  150 minute dif fusion 73 

Diffusion Experiment 2 

Purpose: To study effects of red is t r ibu t ion  on varying dif fusion times. 

1. F. Z. 20 ohm cm 30 min. d i f f .  120 min. redist .  52 
2.  F. Z. 20 ohm cm 90 min. d i f f .  60 min. redist .  58, 60 
3. F, Z. 20 ohm cm 90 min. d i f f ,  120 min. redist .  53 
4. F. Z. 20 ohm c m  100 min. d i f f .  60 min. redist .  61 
5. F. Z. 20 ohm cm 150 min. d i f f .  60 min. redist .  76 

Diffusion Exprirnent 3 
Purpose: To look f o r  any changes r e su l t i ng  from repeating of the en t i r e  

di f fusion and r ed i s t r i bu t ion  process, i.e . , the l i th ium diffusion 
and r ed i s t r i bu t ion  process was performed twice on the same c e l l s .  

.' (twice ) (twice ) 
1. F. Z .  20 ohm c m  90 min. d i f f .  60 min. r e d i s t .  100,103 

2. F. Z. 20 ohm cm 90 min.  d i f f .  60 min. redis t .  95, 97 

Res i s  t i v i  t y  Experiment 1 

Purpose: To study the effect of s t a r t i n g  mater ia l  r e s i s t i v i t y  when no 
red is t r ibu t ion  is used. 

1. F ,  Z. 20 ohm'cm 30 min. d i f f .  106 

2. F. 2. 100 ohm cm 30 min. dif?.  107, 109 

1 
1 
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Purpose: To study e f f e c t  of s t a r t i n g  mater ia l  r e s i s t i v i t y  when diff'usion 
and red i s t r ibu t ion  a r e  used. 

1. F* Z. 20 ohm cm , 90 min. d i f f .  60 min. r e d i s t .  89,90 

2. F. Z. 100 ohm cm 90 min. d i f f .  60 min. r e d i s t .  87,88 

Res i s t iv i ty  Experiment 3 
Purpose: To study e f fec t  of s t a r t i n g  material  r e s i s t i v i t y  of Czochralski 

grown mater ia l  when both diffusion and red i s t r ibu t ion  are used. 

1. C. G. 1 ohm cm 90 min. d i f f .  60 min. redist. 56, 47 

2. C .  G. 200 ohm cm 90 min. d i f f .  60 min. redist.  91 ,p  

3. Fa Z. 20 ohm cm 90 min. d i f f .  60 min. redist.  95,97 

State-of - the-art  c e l l s  

F. 2. 20 ohm cm 90 min. d i f f .  60 min. redist. 49, 55, 
59, y8, 
96 
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DESCRIPTION OF EXPERIIvEhTS STUDIED I N  SECOND 

GRGUP OF SOLAX CELLS SED" TO NASA/GSFC 

Diffusion Experiments 
Purpose: To study ef fec ts  of various oven texperatures on several 

diffusion processes. 

Diffusion temperature - 350" C 
1. F.Z. 20 ohm cm 90 min d i f f  . , 60 min. r ed i s t  1.34, 135 
2. F.Z.  20 ohm cm 30 min d i f f . ,  120 min. redis t .  114, 144 

1. F.Z. 20 ohm cm 90 min.diff., 60 min. r ed i s t .  116, 118 
2. F.Z. 20 ohm cm 30 min diff  . , 120 min. redist . 119, 120 

1. F.Z. 20 ohm cm 90 min d i f f  . , 60 min. r ed i s t  124 
2. F.Z. 20 ohm cm 30 min d i f f  . , 120 min. r e d i s t  . 125' 

Diffusion temperature - 400" C 

Diffusion temperature - 500" C 

3. F.Z. 20 ohm cm 90 min d i f f .  152, 133 

Resis t iv i ty  Experiments 
Purpose: To compare 20 and 100 ohm cm F.2. mater ial  a t  

various temperatures usingeseveral diffusions.  

Diffusion temperature - 350" C 
1. F.Z.  20 ohm em 90 min diFf., 60 min. r ed i s t .  137, 138 

140, 141 2. F.Z.  100 ohm cm 
3. F .Z .  20 ohm cm 30 min d i f f . ,  120 min. r ed i s t .  142, 144 

146 4. F.Z. 100 ohm cm 

It 11 

11 11 

Diffusion temperature - 500" C 
1. F.Z. 20 ohm cm 90 min d i f f  . , 60 min. r e d i s t  . 124 
2. F.Z. 100 ohm cm 
3. F.Z. 20 ohm cm 30 min d i f f . ,  320 min. r e d i s t .  125 

121, 122 

328 
5. F.Z. 20 ohm cm 90.min d i f f  152, 153 
6. F.Z.  100 ohm em 149, 150 

11 I1 

I1 4. F.Z. 100 ohm cm 'I J 

11 



HELIOTEK 

LITHIUM DIFFUSED P/N SOLAR CELLS 

Second, Group of Cells Sent to NASA/GSFC 
: e l l  i n i t i a l  Resistivity (ohm cm) 
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O l V l S l O W  O F  T E X T R O N  E L E  CTROWICS,  I N C .  

e 
e 
* 
a 
0 EMpi re  5 - 6 3 0 1 ,  Area Code 2 1 3  
0 

e TWX NO. 2 1 3  4 6 4 - 5 9 7 8  

: 12500 GLADSTONE AVE., SYLMAR, CALIFORNIA 
0 

e 

/id 

Description of Third Group of Solar Cells 
Sent t o  NASA/GSFC 

,I . 

These cells were made t o  show the  effects of the  presence of phosphorus i n  

the  junction region. 

w i t h  phosphorus t o  a depth of 3-5 microns. 
w a s  formed by boron di f fus ion and then lithium was diffused i n to  the opposite 

1,000 ohm a ' f l o a t  zone s l i c e s  were first diffused 

On t h i s  layer  a P/N Junction 

of the  c e l l  a t  425°C. s ide 

1000 ohm cm Float  zone 90 minute diffusion,  60 minute redis t r ibut ion,  

C e l l  Numbers 203, 204 and 205 



\ ' / - '  / u 
\' ,' '* \'. 0 

E M p i r e  5-6301, Area  C o d e  2 1 3  

0 TWX N O.  2 1 3  464-5978 
1 2 5 0 0  GLADSTONE AVE., SYLMAR, CALIFORNIA 

Description of Fourth Group of Cells 

sent: t o  NASA/GSFC 

4 January 1967 

These c e l l s  were diffused with phosphorus t o  a depth of approximately 
10 microns and then etched down t o  reduce the junction depth and the 
s-c-i'ace concentration. Boron was diffused i n  on top  of the  phosphorus 
and then lithium was diffused i n t o  the back f o r  90 minutes and r e d i s t r i -  
bmed 60 minutes at 425°C. 

Cells 210 and 211 were fabricated from 200 ohm cm Czochralski grown material  
and c e l l s  213, 214, 216 and 218 from 1000 ohm em f l o a t  zone material .  
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KELIOTEX 

Description of Experiments Date: 2/8/67 
for 

Fifth Group of P/N Li Cells Sent to NASA/GSFC 

1. Cells with a deep diffused phosphorus region (==I .7 mil) which was then 
lapped and etched to approximately 3 microns. 1000 ohm crn float zone 
90 minute diffusion, 60 minute redistribution -425"C, 220 

2. Cells in which phosphorus was diffused to depth of 3-5 microns:: 
1000 ohm cm float zone, 90 minute diffusion, no redistribution -425°C 
237, 240, 241. 
1000 ohm cm float zone, 90 minute diffusion, 60 minutk redistribution1 -460°C 
244, 245. 
1000 ohm cm float zone, 90 minute diffusion, 60 minute redistribution -350"C, 
247, 249, 251, 252 - 

1 
235, 236, 

Study of Li evaporation instead of paint-on technique; 

1. 20 ohm cm float zone, 90 minute diffusion, 60 minute redistribution -425°C 
305, 307, 33-2 
100 ohm cm float zone, 90 minute diffusion, 60 minute redistribution -425°C 
314, 316, 317, 319, 321, 322 
20 ohm cm float zone, 90 minute diffusion, 60 minute redistribution -400°C 

100 ohm cm float zone, 90 minute diffusion, no redistribution -400°C 

100 ohm cm float zone, 90 minute diffusion, no redistribution -400°C 

2. 

3. 
327, 330, 331 

4. 
347, 349, 351, 352 

356, 357 
5. 

Extended study of the effects of various Li diffusion 
temperatures : 400°C 

1. 100 ohm cm float zone, 90 minute diffusion, 60 minute redistribution 
337, 344 

2. 20 ohm cm float zone, 90 minute diffusion, 60 minute redistribution, 345, 358, 
359, 361, 363 

- 1- 



350°C 
1. 

2. 

3 .  

20 ohm cm f l o a t  zone, 90 minute diffusion, no redistr ibut ion,  364, 366 
100 ohm cm, f l o a t  zone, 90 niinute diffusion,  no redistr ibut ion,  367 
1000 ohm cm f l o a t  zone (no phosphorus), 90 minute diffusion, 60 minute 

redistr ibut ion,  370, 371 
20 ohm cm f l o a t  zone, 90 minute 'diffusion, 60 minute redis t r ibut ion  4. 
3T2J 373 

-2- 
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Note: All c e l l s  numbers i n  the  "200's" have phosphorus i n  the  v ic in i ty  of the  

junction. 
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